We have determined the nucleotide sequence of the sitA and slB genes that encode the Shiga-like toxin (SLT) produced by Escherichia coli phage H19B. The amino acid composition of the A and B subunits of SLT is very similar to that previously established for Shiga toxin from Shigell4 dysenteriae 1, and the deduced amino acid sequence of the B subunit of SLT is identical with that reported for the B subunit of Shiga toxin. The genes for the A and B subunits of SLT apparently constitute an operon, with only 12 nucleotides separating the coding regions. There is a 21-base-pair region of dyad symmetry overlapping the proposed promoter of the sit operon that may be involved in regulation of SLT production by iron. The peptide sequence of the A subunit of SLT is homologous to the A subunit of the plant toxin ricin, providing evidence for the hypothesis that certain prokaryotic toxins may be evolutionarily related to eukaryotic enzymes.
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Strains of Escherichia coli that produce a cytotoxin for Vero cells were first described in 1977 (1) . Subsequently this toxin was shown to have immunological cross-reactivity, identical biological activity, and similar subunit structure to Shiga toxin (2, 3) , an iron-regulated cytotoxin produced by Shigella dysenteriae 1 (4) . Because of these similarities, the name Shiga-like toxin (SLT) has been proposed for the Vero cell cytotoxin (5) . These toxins contain a single A subunit responsible for inhibiting protein synthesis through the catalytic inactivation of 60S ribosomal subunits (6) and multiple copies of a B subunit that bind the toxin to receptors on the cell surface (4, 7) . Since their original description, SLT- producing strains of E. coli have been implicated in a wide variety of human disease states including sporadic diarrhea in adults, outbreaks of neonatal diarrhea (8) , epidemics of hemorrhagic colitis (9) , and the hemolytic-uremic syndrome (10) . SLT production has also been detected in strains of Vibric cholerae and Vibrio parahemolyticus (11) , but what role this toxin plays in infections due to these bacteria is not yet clear.
Production of SLT by E. coli has been shown to be a transferable property associated with lysogeny by certain bacteriophages that contain the structural genes for SLT (12, 13) . Newland et al. (13) have recently established that the SLT structural genes are located on a 2.9-kilobase (kb)-pair Nco I-EcoRV restriction fragment within a larger 8.5-kb EcoRI fragment of bacteriophage DNA; a single HindIII restriction site within the 2.9-kb fragment is located within the coding sequence of the A subunit of SLT. Similar data have been presented by two other groups for SLT-converting phage H19B (14, 15) .
Recently, Seidah et al. (16) have determined the complete amino acid sequence of the B subunit of Shiga toxin from S. dysenteriae 1. To compare the B subunit sequence of SLT to that of Shiga toxin, facilitate the construction ofhybridization probes that might detect the SLT genes of V. cholerae, and explore the mechanism of iron regulation 'of SLT expression, we have determined the nucleotide sequence of the SLT genes from phage H19B of E. coli.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. E. coli K-12 strains C600 (F-k-thi-1 thr-J leuIB6 lacYl tonA21 supE44) and C600(H19B) were provided by H. W. Smith, Houghton Poultry Research Station, Huntingdon, Cambridgeshire U.K. (12) ; strain C600(H19B) is lysogenized by the SLTconverting phage H19B from one of the original strains of E. coli shown to produce Vero cell cytotoxin by Konowalchuk et al. (1) . E. coli strain SY327 [F-araD A(lac-pro) argEam rif nalA recA56] was used as the host for transformation of recombinant plasmids (17) . E. coli strain JF626 [thi A(lac-pro) rpsL supE endA sbcB15 hsdR4/F'traD36 proA+B+ lacdq lacZA M15] was used as the host for propagation of bacteriophage M13 (18) . Plasmid pBR327, a deletion derivative of pBR322, was used as the vector in cloning experiments (19) .
Molecular Biological Techniques. Induction of strain C600 (H19B) by ultraviolet irradiation and preparation of a bacteriophage lysate was done as described (20) except that modified Luria-Bertani broth (21) was used as the growth medium. Standard recombinant DNA techniques were done as described by Maniatis et al. (22) . Rapid isolation of plasmid DNA was done as described by Birnboim (23) , and plasmid DNA was purified by cesium chloride-equilibrium density gradient centrifugation (22 DNA samples of =1 ,ug were digested with the appropriate restriction endonucleases, and fragments were separated by electrophoresis through a 1% agarose gel. Transfer of DNA to a GeneScreenPlus membrane (New England Nuclear) and hybridization of labeled probe were done according to a modification of the method of Southern (24) by Chomczynski and Qasba (25) . Probe DNA was added at a concentration of 10 ng/ml (1-5 x 105 dpm/ml). subunit-specific probe hybridized only to the 8.5-kb fragment as expected (data not shown). This fragment was recovered and doubly digested with Nco I and EcoRV; a 2.9-kb fragment hybridized to the oligonucleotide probe (as expected) and was recovered by electroelution. We confirmed that the 2.9-kb fragment had a single internal HindIII site, which has previously been localized in the structural gene of the A subunit of SLT (13) . The two halves of the 2.9-kb fragment generated by digestion with HindIII were cloned into HindIII/EcoRV-digested pBR327, and the two corresponding recombinant plasmids were purified by cesium chlorideequilibrium density gradient centrifugation. As shown in Fig.  1 , plasmid pSC2 contained a 1.5-kb insert extending from the EcoRV end to the HindIII site of the 2.9-kb fragment, whereas pSC4 contained the adjoining 1.4-kb fragment (HindIII to Nco I). The synthetic oligonucleotide probe hybridized specifically to pSC4 (Fig. 1) , as expected from previous studies on the localization of the B subunit of SLT (13, 15) .
A detailed restriction map of a portion of the 2.9-kb fragment encoding the structural genes for SLT, as well as the position of overlapping subclones used for DNA sequencing, is shown in Fig. 1 . The nucleotide sequence from the left-most Ssp I site to just beyond the right-most HincII site is shown in Fig. 2 .
There are two long open reading frames beginning at nucleotides 332 and 1289, respectively, and corresponding to the expected positions of the genes encoding the A and B subunits of SLT. These open reading frames code for polypeptides of Mr 34,804 and 9744 respectively. Both polypeptides have hydrophobic N-terminal regions [identified by the method of Kyte and Doolittle (30) ] that conform to bacterial signal sequences (31) . Predicted cleavage sites for the signal peptides using the -1, -3 rule of Von Heijne (32) are indicated in Fig. 2 . The deduced amino acid compositions of the mature proteins are compared in Table 1 with the previously determined amino acid compositions of the A and B subunits of Shiga toxin from S. dysenteriae (4). The excellent correspondence confirms the fidelity of the reading frame and reinforces the close structural similarity between Shiga toxin and the SLT of E. coli. In fact, the amino acid sequence determined experimentally for the purified B subunit of Shiga toxin (16) is identical to that of the processed second polypeptide in Fig. 2 . The open reading frames in Fig.  2 , therefore, correspond to the genetic loci sitA and sltB coding for the A and B subunits of SLT. No transcription termination signal was identified downstream of sitB, and an additional open reading frame may be present (S.B.C. and J.J.M., unpublished observations).
The predicted mature A subunit of SLT has 293 amino acids and a Mr of 32,217, whereas the mature B subunit has 69 amino acids and a Mr of 7692; these are in excellent agreement with previous estimates of the Mr values of SltA and SltB proteins (13) . Mild tryptic digestion has been shown to nick the A subunit into Al and A2 fragments with Mr values of =27,000 and 4000, respectively, and joined by a disulfide bond (3). The two cysteine residues at positions 242 of SltA span two potential sites of tryptic digestion that could generate Al and A2 fragments of the observed sizes.
The coding regions of both sltA and sltB are preceded by sequences homologous to the ribosomal binding sites proposed by Shine and Dalgarno (33 (Fig. 2) . Most bacterial operator sequences show such 2-fold symmetry (35) , and we have evidence that this region of DNA may be involved in iron regulation of the sit operon by thefur locus of E. coli (S.B.C. and J.J.M., unpublished data).
Analysis of Homology Between the SLT Subunits and the NBRF Data Base. The peptide sequences of SltA and SltB were analyzed for homology to the protein sequences in the NBRF data base, using the IFIND program from IntelliGenetics. There was no significant homology of the SLT subunits to diphtheria toxin, Pseudomonas exotoxin A, cholera toxin A or B subunits, E. coli heat-labile enterotoxin A or B subunits, or E. coli heat-stable enterotoxin types 1 or 2. However, the highest score for homology (7.9 standard deviations above the mean) occurred between SltA and the A subunit of ricin, a plant toxin from Ricinus communis (castor bean). The ricin A subunit is a polypeptide of 267 amino acids and Mr 29,876, quite similar to SltA (36) . Like Shiga toxin, ricin inhibits protein synthesis in eukaryotic cells by catalytic inactivation of the 60S ribosomal subunit. Ricin is also composed of A and B subunits-the A subunit being responsible for catalytic activity and the B subunit being responsible for cell binding. When the FASTP program was used to compare the sequence of SltA with the NBRF data base, comparison with ricin A again gave the highest score for optimized alignment (9.3 standard deviations above the mean of randomly permuted sequences). There was no significant homology between SltB and the B subunit of ricin or other proteins in the data base.
One region of homology between SltA and ricin A subunits is shown in Fig. 3 ; in this stretch of 73 amino acids, the two proteins have identical residues in 32% and either identical or chemically similar residues in 53% of the positions. Furthermore, the Chou-Fasman algorithm (37) yielded virtually identical predictions of secondary structure in the corresponding regions of these two proteins (Fig. 4) . If additional gaps are introduced into the amino acid sequences (by lowering the gap penalty to 1), the entire length of ricin A can be aligned with SltA to give identical residues in 29% of the positions.
The finding of homology between SltA and ricin A is particularly intriguing because it crosses the boundary between prokaryotic and eukaryotic organisms. Several observations suggest this homology is significant: (i) Shiga toxin and ricin share similar mechanisms of toxic activity on eukaryotic cells; (ii) the similarity score for the comparison between SltA and ricin A was the highest observed in the entire data base, using a variety of search parameters and techniques; this similarity score was well within the range generally considered to have biological significance (29) ; and (iii) the predictions of secondary structure by the algorithm of Chou-Fasman were virtually identical in the area of highest homology between the two peptides. The possibility that prokaryotic toxins are evolutionarily related to eukaryotic enzymes has been suggested before in relation to diphtheria toxin (38, 39) and cholera toxin (40) . We now present evidence for this hypothesis by demonstrating amino acid sequence homology between the A subunits of a prokaryotic (SLT) and a eukaryotic toxin (ricin).
This homology may represent conservation of critical amino acid residues forming similar active sites in the A chains of the two toxins. Convergent as well as divergent evolution could explain the degree of homology exhibited, but we favor the hypothesis that both toxin A chains evolved from a common ancestor. This ancestral protein may have had either a prokaryotic or a eukaryotic origin. In the latter case, the precursor may have served an autoregulatory function in the eukaryotic organism, perhaps during development. Molecules highly homologous to the ricin A chain (but lacking a B chain) have been identified in several plant species and have been proposed to serve such a regulatory function (41) . Plants such as R. communis may have expanded the function of these regulatory molecules to include toxicity for heterologous organisms. Acquisition of the gene for such a regulatory molecule by a prokaryotic organism may have been the first step in the evolution of certain bacterial toxins by mechanisms similar to those used by plant cells in evolving toxic lectins (i.e., the molecular association of an A chain with a target cell-binding B chain).
